ABSTRACT Factors that inßuence thysanopteran wing diphenism are not well known. In these studies, the impact of food quality, mediated through nitrogen addition, and conspeciÞc density was explored on the wing diphenism of an herbivorous thrips species (Anaphothrips obscurus Mü ller) (Thysanoptera: Thripidae). In the Þrst study, nitrogen was added to timothy grass (Phleum pretense L.) (Poales: Poaceae) transplants, and naturally occurring thrips populations were caged on the plants. Thrips abundance and foliar nutrients were assessed every 2 wk. A separate factorial experiment in growth chambers explored the impact of both plant nitrogen addition and thrips abundance on wing diphenism. Thrips density was manipulated by adding either 3 or 40 thrips to potted and caged timothy. Thrips abundance and foliar nutrients were measured 58 d after treatment placement. Plant quality directly affected thrips wing diphenism independent of thrips density in both experiments. Near the end of the Þeld cage experiment, density may have indirectly impacted wing diphenism. In both experiments, plant quality and thrips density interacted to affect thrips population abundance. Plant quality alone can affect thrips wing diphenism, but it remains unclear whether density alone can affect thrips wing diphenism. This is a unique and understudied system that will be useful to examine generalized theories on the negative interaction between reproduction and dispersal.
There is a negative interaction between reproduction and dispersal in organisms, but the underlying mechanism/s for determining these life histories remain unknown. Environmental factors are suspected to mediate this interaction by adjusting the allocation of resources within an organism to maximize individual Þtness (Harshman and Zera 2007) . These factors may include density-dependent factors, which are important for population regulation within simpliÞed agricultural systems (Sinclair 1989) . The impact of these factors is understudied in the Thysanoptera. Funderburk et al. (2000) showed that high densities of a predator, the minute pirate bug (Orius spp.) (Hemiptera: Anthocoridae), could downregulate populations of thrips (Frankliniella spp.) (Thysanoptera: Thripidae) in a densitydependent manner. Also, invasive Western ßower thrips [Frankliniella occidentalis (Pergande)] populations are downregulated by high densities of native ßower thrips [Frankliniella tritici (Fitch) ] populations in this system (Paini et al. 2008) . High Western ßower thrips density is an important factor for increased dispersal Shipp 2003, Rhainds et al. 2005) . However, it is difÞcult to disentangle whether the observed density-dependent response was a direct effect caused by changes in thrips conspeciÞc density or an indirect effect through host plant degradation by higher densities (a decrease in host plant quality).
A dimorphism within a species consists of two distinct phenotypic variations. Wing dimorphic insects are useful to study dispersal, because the nonmigratory and migratory forms are easily recognized (Denno et al. 1991) . Dimorphisms that are environmentally induced, rather than maternally inherited, are termed diphenisms. Wing dimorphisms in hemimetabolous insects, such as thrips, are nearly always polygenic (Roff and Fairbain 2007) . Wing dimorphism/diphenism has been studied extensively in aphid species, and Braendle et al. (2006) reviewed studies on the mechanisms that affect wing form change or incidence. They found that these included density-dependent effects (intra-and interspeciÞc interactions), densityindependent effects (various environmental cues and abiotic factors), and effects that cannot easily be classiÞed into either category (tactile stimulation, maternal effects, and diet quality). Wing dimorphism is also well studied in planthoppers. Dimorphic planthoppers tend to remain on high-quality plants (i.e., those with high nitrogen content, high protein content, and those that are less crowded) and in more persistent habitats as brachypterous insects (Denno et al. 1985 (Denno et al. , 1991 . Finally, increased plant-nitrogen is known to increase populations of Western ßower thrips .
Although plant quality affects thrips population dynamics, thrips nutritional ecology is not well known. Herbivorous thrips feed by puncturing plant cells and removing the contents (Kirk 1995) . Isolation and assessment of the particular cell contents on which thrips feed is difÞcult. There is support for the hypothesis that thrips are more abundant when aromatic amino acid levels are increased within the plant, but this has not been supported in all studies . Brodbeck et al. (2002) suggested that, depending on thrips species, concentration of dietary nitrogen, plant architecture, secondary compounds, and/or selective feeding on different parts of the plant based on nitrogen content may be important in selecting a feeding site. High plant nitrogen concentration is often positive for herbivorous insect fecundity, body mass, pathogen resistance, growth and developmental rate, and survival, etc., although extremely high levels of plant nitrogen can be detrimental to some herbivorous insects (Boersma and Elser 2006, Zehnder and Hunter 2009 and references therein) .
Anaphothrips obscurus (Mü ller) (Thysanoptera: Thripidae) has a cosmopolitan distribution (Mound 1997) and is phytophagous, feeding on cereals and other grasses. Wing dimorphism is widespread among the Thysanoptera (Tyagi et al. 2008) . Although most species are sexually dimorphic (Tyagi et al. 2008) , A. obscurus is strictly parthenogenetic. A. obscurus has a brachypterous and a macropterous phenotype. Based on Roff and Fairbain (2007) , because thrips are hemimetabolous insects, the wing dimorphism of A. obscurus is most likely a diphenism. The brachypterous phenotype is more prevalent in the spring and summer, when there are more hours of daylight; photoperiod is the only cue that has been shown to affect phenotype of this species (Kö ppä 1969 , Kamm 1972 , Reisig et al. 2009b . ConspeciÞc density is a suspected cue, but its effects on wing phenotype have not been differentiated from the effects of diet quality (Kö ppä 1970 , Kamm 1972 . Density-dependent effects commonly affect wing form in wing dimorphic species (Zera and Denno 1997) . Longer periods of light are associated with production of more macropterous A. obscurus individuals (Kö ppä 1970 , Kamm 1972 . Kamm (1972) noted that high-density A. obscurus populations had increased proportions of the macropterous phenotype, but this could not be distinguished from the impact that the higher feeding density had on the nutritional quality of the plant.
Timothy, Phleum pratense L. (Poales: Poaceae), is a cool-season (C 3 ) grass native to Europe and Asia (Stroh et al. 1978) . In the northwest United States, it is grown as a high-quality forage crop. Two main species of thrips occur in this crop, A. obscurus and Western ßower thrips, and Ͼ95% are A. obscurus (Reisig 2009) . A. obscurus can damage timothy through yield loss, but more commonly injures timothy, through esthetic leaf damage (Reisig et al. 2009b ). To achieve a high-quality and high yielding crop, timothy requires correct fertilization, especially nitrogen, and good cultural practices (i.e., correct timing of harvest and irrigation) (Hall et al. 2003) .
These experiments were designed to test the hypothesis that food quality, as deÞned by nitrogen content, regulates diphenism independent of density. The assumption was made that macroptery was the dispersal form of A. obscurus, based on the existence of many other dispersal polymorphisms in insects (Harrison 1980) . As patch quality (e.g., food nutrition, food amount, and crowding) decreases, migration may increase or decrease (Harrison 1980 , Denno et al. 1985 , Denno et al. 1991 , Roff and Fairbain 2007 . There are more brachypterous A. obscurus when food availability is favorable (i.e., during the spring and summer). Accordingly, proportion of dispersing individuals may increase or decrease with changes in food or patch quality. Macropterous individuals may also increase with thrips abundance, which also affects patch quality.
Materials and Methods
Field Cage Study. A uniform area of pasture was selected in the Fall River Valley, CA, and glyphosate (Gly-4 Plus at 3363 g [AI]/ha; Universal Crop Protection Alliance, Eagan, MN) was applied to the experimental area on 17 April 2008 to eliminate weeds. Hand-hoe weeding was done on 24 April, and eight 3.66-m cattle panels were erected to exclude large vertebrates from this area.
On 1 May 2008, 15.24-cm-diameter plugs of timothy were taken from a newly planted (fall 2007) timothy, P. pratense, Þeld using a 4.5-kg, scalloped-blade, leveraction hole cutter (Par-Aide, Lino Lakes, MN). This Þeld was fertilized by the grower at planting with 2,242 kg dolomitic limestone/ha (calcium-magnesium carbonate), 112 kg ammonium sulfate/ha (23.5 g N/ha), 66 kg monoammonium phosphate/ha (7.3 kg N/ha and 34.3 kg P/ha), and 66 kg potassium chloride/ha (39.6 kg K/ha). It was also fertilized by the grower immediately before collecting the plugs with 168 kg ammonium sulfate/ha (35.3 kg N/ha). Four timothy plugs were transplanted into the center of each plot. A single emitter from a drip system was placed on each transplant and fastened to the ground using metal wire. Watering duration was adjusted as-needed throughout the experiment, ensuring that the soil was moist between watering so that plants were not waterstressed. By 21 May, plants were developing inßores-cences (R 0 stage) and, on 12 June, all plants were cut at 2 cm above the ground using pruning shears. The experimental area was hand-hoe weeded and harvested material was collected from four random plots for baseline nutrient analysis. All remaining harvested material was removed.
On 26 June, the experiment was again handweeded, and treatments were established by varying nutrient levels in a completely randomized design. To eliminate deÞciency from other common limiting nutrients except nitrogen, one treatment (control treatment) consisted of 4.17 g monoammonium phosphate (12.3 kg N/ha and 58.2 kg P/ha) and 12.5 g potash (201.6 kg K/ha), without nitrogen. The other (highnitrogen treatment) treatment consisted of these same nutrient applications with the addition of 27.6 g urea prills (154.6 kg N/ha). These nutrients are the same as those used by the majority of California timothy producers. Nutrients were spread evenly over the 3,716-cm 2 plot area. Immediately after the nutrient applications, 61-cm 3 aluminum frame Þeld cages Þtted with No-Thrips insect screen (BioQuip, Rancho Dominguez, CA), open on one end, were placed over the plants in all plots. The cages were secured with heavy wire stakes and sealed with soil around the bottom edges. This screening was 66% light transmittant and was fabricated with 15-mm thread with 0.15-mm 2 openings between threads. As a result, any arthropod populations sampled from the plants in the cages were most likely resultant from natural infestation before enclosure by the cages.
Thrips were sampled every 2 wk by removing the dirt from the cage bottom, carefully lifting one corner of the mesh, and reaching into the cage to randomly collect 10 tillers. Tiller selection, collection, and washing of the thrips into vials followed the method described by Reisig et al. (2009b) . Thrips were counted under a stereoscope and recorded as macropterous adults, brachypterous adults, and larvae; presence of other arthropods was noted, and pupae were counted as larvae. Three tissue samples were also collected every 2 wk from each treatment for nutrient analysis. These samples were collected by lifting one side of the cage mesh and cutting Ϸ10 Ð25% of the plants in the cage at 2 cm above the soil surface. Duplication of nutrient sampling in a plot over the course of the experiment was avoided if possible. Duplication took place in a single replicate on 10 July and 20 August. Plants were harvested on 20 August to a height of 2 cm, and the material not selected for nutrient analysis was removed from the experimental arena.
All material collected for nutrient analysis was placed in paper sacks and moved to a 49ЊC forced air dryer for 7 d. Samples were sent to the University of California Division of Agriculture and Natural Resources Analytical Laboratory for analysis. Nitrogen in nitrate (NO 3 -N) was obtained by 2% acetic acid extraction (Miller 1998) and quantitated with ßow injection analysis (Sechtig 1992) . Nitrogen in ammonia (NH 4 -N) was analyzed using the method described by Carlson et al. (1990) . Likewise, total extractable soluble potassium (K) was determined by the method detailed by Johnson and Ulrich (1959) . Extractable phosphorus in phosphate (PO 4 -P) was determined using the method detailed by Prokopy (1995) . Total nitrogen and carbon content was estimated through a combustion gas analyzer using the method detailed by the AOAC (1997).
Two-way analyses of variances (ANOVAs; PROC GLM; SAS Institute 2008) were used to compare the proportion of macropterous thrips between each treatment on each sampling date, beginning with 26 June (when the nutrients were applied) and ending with 20 August (when the plants were harvested). The Þxed factor was the proportion of macropterous thrips, whereas the plot designation was included as a random effect. Proportions were similar between treatments until 7 August.
A repeated-measures mixed models analysis of covariance (ANCOVA) approach (PROC MIXED) was initially taken to analyze the experiment. Fixed factors included the proportion of macropterous thrips on the day that treatment was applied (covariate) and the interaction of treatment and date (trt ϫ date). The REPEATED statement was used, and the covariance structure was Þt with a Toepelitz structure, based on the lowest 2 value criterion (Littell et al. 2006) . Results from this analysis did not reßect experimental observations, because treatments were signiÞcantly different on 7 August but not on 21 August. If nitrogen had an effect on wing form, it was assumed that it would have taken time to manifest itself in the population. Although the model was appropriate to observe lagged temporal effects, most information included in this analysis was not relevant to the experimental objectives. This is because this model included all data before 7 August, whereas differences between treatments were not observed until this point in the experiment. Therefore, a method was chosen that could account for both the lagged effects from conspeciÞc density and the effects of plant-nitrogen level, without inclusion of superßuous data.
ANCOVA (PROC GLM; SAS Institute 2008) was used to remove the effect of conspeciÞc density by designation of the total abundance of thrips from 2 wk prior as a covariate. The logic for this was that there would be a delayed effect of conspeciÞc density on the next generation of thrips of at least 2 wk, because the generation time of A. obscurus is 12Ð30 d, depending on temperature (Kö ppä 1970). Based on the initial ANOVAs, the proportion of macropters were different between treatments on and 7 and 21 August. As a result, these two dates were chosen for analysis. The dependent variable was proportion of macropterous thrips, whereas independent variables were the treatment and the total thrips abundance from 2 wk prior (e.g., to analyze data from 7 August, proportion of macropterous thrips on 7 August were the dependent variable, whereas total thrips abundance on 24 July was the independent covariate). Two separate ANCOVAs were used: one to analyze the proportion of macropterous thrips on 7 August and one for 21 August. Independence of the covariate from the treatment was assessed using two separate analyses of variance (PROC GLM; SAS Institute 2008). After ANCOVA analysis, higher proportions of macropterous individuals were found in nitrogen-treated plots on 7 August, and the covariate was independent of the treatment. Violation of normality was addressed with a log e transformation for 21 August data, and the covariate was dependent on the treatment effect in this analysis. All other assumptions of the model were met. All plants collected for nutrient analysis were cut at the base near the soil, placed in a paper bag, and analyzed for nutrients using the methods described above. Immediately after the nutrient sampling, all pots were thinned to two plants per pots; they also received 0.12 g monoammonium phosphate (12.3 kg N/ha and 58.2 kg P/ha) and 0.35 g potash (201.6 kg K/ha), followed by distilled water, and pots were randomly shufßed within each chamber to minimize chamber effects on the growing plants. Finally, 60 pots in each chamber randomly received 0.76 g of urea prills (high-nitrogen treatment, 154.6 kg N/ha). These nutrients were the same and applied in the same amount (on a per-area basis) as most high-yielding California timothy producers. Thirty-three days after planting, groups of either 3 or 40 A. obscurus (Mü ller) thrips were placed on the plants in a single chamber using a factorial design. Each pot was covered with 15.24-cm-tall acrylic tubing. The bottom of the tubing was secured in the potting medium and the top was sealed with synthetic organza. Thrips infestation numbers were selected based on the experiment of KammÕs (1972) . In his experiment, wing form was unaffected by an initial infestation of 5 thrips but was affected with an initial infestation of 25 thrips or more. Pilot studies indicated some thrips placed on the plants did not survive. Hence, plants were infested with 3 thrips, with the hope that at least 1 thrips survived the transfer, and 40 thrips, with the hope that at least 25 thrips would survive the transfer. Infestations continued over the following 2 d in the second chamber. Thrips were chosen for infestation at random, without regard to phenotype.
Foliar burn was observed as early as 55 d after planting in the plants where urea was added. This was visible as desiccation, beginning at the newly growing leaf tips, and most plants recovered. By 69 d after planting, plants that recovered from the foliar burn grew larger and were visibly greener than those without nitrogen added. Some foliar burn was visible on older leaves. Hence, 91 d after planting, live remaining plants were visibly rated for foliar burn by separation into none, moderate, and high foliar burn categories and a separate rating into three similar categories for mold. Also on 91 d after planting, three replicates were collected from each treatment in each chamber by cutting plants at the base. Nutrient analysis was performed using the procedures described above. Remaining timothy plants were cut at the base and placed in 70% ethanol. Thrips were washed from the plants following the method described by Reisig et al. (2009b) , and voucher specimens were deposited in the Bohart Museum of Entomology, University of California, Davis, CA.
Statistical Analysis. Plants that died from foliar burn, mold, and/or thrips feeding were eliminated from the analysis. ANCOVA (PROC MIXED; SAS Institute 2008) was used to remove the possible confounding effects of foliar burn and mold as covariates. In one analysis, the dependent variable was proportion of macropterous thrips; in a separate analysis, the single dependent variable was total thrips for each replicate. For all analyses, the covariate for foliar burn level was dependent on the treatment effects, whereas the covariate for mold level was not. Hence, the foliar burn rating was not used in the analysis because a covariate cannot be used if it is dependent on treatment effects. Fixed independent variables for analyses were the treatments, their interaction, and mold level, whereas growth chamber was a random effect. All assumptions of the model were tested and met. Data from nutrient levels were not analyzed using regression or ANOVA methods because there were too few replications for analysis. Rather, SEM are provided for the nutrient levels.
Results
Field Cage Study. Including the effects of crowding (initial ANOVA), the proportion of macropters was the same between treatments on 26 June (F ϭ 0.24; df ϭ 1,27; P ϭ 0.6316), 10 July (F ϭ 0.85; df ϭ 1,26.3; P ϭ 0.3649), and 24 July (F ϭ 2.97; df ϭ 1,22; P ϭ 0.0988). However, there was a higher proportion of macropterous thrips in the high-nitrogen treatment on 7 (F ϭ 24.72; df ϭ 1,27; P Ͻ 0.0001) and 21 August (F ϭ 8.7; df ϭ 1,27; P ϭ 0.0065; Fig. 1A ). When the effects of crowding were controlled (ANCOVA), the proportion of macropterous thrips was signiÞcantly higher on high-nitrogen (urea-added) plants compared with the control plants on 7 (F ϭ 22.8; df ϭ 1,28; P Ͻ 0.0001) and 21 August (F ϭ 5.55; df ϭ 1,28; P ϭ 0.0263).
The abundance of plant nitrogen in the nitrate form was relatively low in samples from the Þrst hand-harvest (Table 1) . Two weeks after placement of the hand-applied nutrients, total nitrogen was increased Ϸ3.5 times in the high-nitrogen treatment, after which these levels steadily declined. Trends were similar for nitrates in the plant (Table 1) . Plants were noticeably larger in the high-nitrogen plots than the control plots at 4 wk after the application. Overall, nitrogen abundance in the control treatment was low throughout the experiment. Although it increased after nutrient addition, levels were below those of the high-nitrogen treatment throughout the experiment. Plant levels of nitrogen in ammonia were high throughout the experiment, even before placement of the hand-applied nutrients, and there was relatively little difference between the treatment and control plants (Table 1) . Potassium levels were relatively low before placement of the hand-applied nutrients, after which levels increased in both treatments and declined as the plants developed until harvest (Table 1) . Levels of potassium were also higher in the high-nitrogen plants after the application than the control plants. Levels of phosphorous in phosphate were relatively low before placement of the hand-applied nutrients, after which levels initially increased in both treatments. Levels consistently decreased in both treatments (Table 1 ). Percent total carbon was similar between treatments and remained unchanged throughout the experiment (Table 1) .
Total thrips abundance increased the Þrst 2 wk after treatment application in both high-nitrogen and control plants (Fig. 1A) . Populations remained similar 
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between the treatments, until 7 August, when numbers increased on high-nitrogen plants and decreased in the control plants. Six weeks after nitrogen applicationÑthe end of the experimentÑthrips abundance was decreasing in both treatments. The proportion of macropterous to brachypterous thrips decreased on both high-nitrogen and control plants until 24 July, after which they began to increase (Fig. 1B) .
On the Þrst date analyzed in the ANCOVA, 7 August, the covariate (total number of thrips on 24 July) was independent of the treatment effects (F ϭ 0.89; df ϭ 1,28; P ϭ 0.355). In contrast, on 21 August, the change in the covariate (total abundance of thrips on 7 August) was dependent on the treatment effects (F ϭ 9.78; df ϭ 1,28; P ϭ 0.004).
Growth Chamber Study. Two weeks after the urea application, some high-nitrogen (urea-added) plants were greener and larger on average than the control plants. The nitrogen negatively affected some plants, which was visible through foliar burn (desiccation on the tips of new leaves). By 4 wk after the application, most plants had recovered from the foliar burn, and the high-nitrogen plants were visibly greener and larger than control plants. High thrips abundance combined with the effects of the foliar burn killed the plants in six replicates, which were eliminated from the analysis. Furthermore, after addition of the cages, some of the plants were visibly infested with mold. Effects of mold were controlled in the analysis through ANCOVA. At the end of the experiment, the most visible difference between plants in treatments was between high and low thrips infestations rather than between nitrogen treatments. Levels of plant nitrogen were relatively high, compared with those in the Þeld cages, before treatments were applied (Tables 1 and 2 ). By the end of the experiment, total nitrogen levels almost doubled in the high-nitrogen plants compared with control plants. Trends were similar for nitrates (Table 2) . Postexperimental total nitrogen and nitrates were generally higher in low thrips treatments (3 thrips added) than in high thrips treatments (40 thrips added). Nitrogen levels in ammonia remained relatively constant from nutrient application to the end of the experiment in control plants for both low and high thrips treatments. Levels of ammonia increased by two-to three-fold in high-nitrogen treatments by the end of the experiment and were higher in the high thrips, high-nitrogen treatment than the low thrips, high-nitrogen treatment. Potassium concentration, the level of phosphorous in phosphate, and total nitrogen concentration decreased in all treatments from application to the end of the experiment. At the experimentÕs end, they were higher in the high-nitrogen plants than the control plants. Total carbon concentration remained relatively unchanged from the beginning to the end of the experiment, with slightly higher levels in control plants, with both low and high levels of thrips.
Total thrips population abundance at the end of the experiment was affected by the addition of nitrogen and initial thrips population levels (F ϭ 4.50; df ϭ 1,183; P ϭ 0.035), although mean separations failed to yield signiÞcant differences between nitrogen treatments. Treatments with low initial population abundance had the highest total abundance at the end of the experiment (Fig. 2A) . More adult thrips were macropterous in treatments with nitrogen added than treatments without nitrogen added (F ϭ 5.03; df ϭ 1,183; P ϭ 0.0253; Fig. 2B ).
Discussion
These studies showed that host plant quality can directly inßuence the population structure of A. obscurus by altering the proportion of wing diphenic individuals. Increases in plant quality usually decrease insect macropter abundance (Zera and Denno 1997) . This may be an exception to this response, where increased plant quality, as measured indirectly by increased thrips density, increases macropter abundance. Thrips density is suspected to affect the wing diphenism of this thrips (Kamm 1972) , but this relationship was not clearly observed in these experiments because it was never isolated from plant quality effects. In contrast, increased density had negative effects on thrips abundance. These results are similar to those for Western ßower thrips (Frankliniella occidentalis), where increased plant nitrogen levels were correlated with increased density , and increased density was correlated with increased dispersal (Rhainds and Shipp 2003) .
The direction of the effect of nutrients on plant quality, and their subsequent effects on thrips population dynamics, is difÞcult to infer because the nutritional ecology of thrips is not well known and was not directly measured in these studies. First, although nitrogen was applied to manipulate treatments, levels of all nutrients measured (nitrogen, phosphorous, and potassium) differed between high-nitrogen plants compared with control plants. Although more focus has been given to nitrogen in terrestrial systems, other nutrients can be limiting (Mattson 1980 , White 1993 , Boersma and Elser 2006 . Second, the directional change of phosphorous level in high-nitrogen plants compared with control plants was not consistent between experiments. In timothy, phosphorous uptake is strongly correlated with nitrogen level and the level of uptake is dependent on genotype, leaf phosphorous concentration, the proportion of leaves and roots in total plant biomass, and environmental conditions (Bé langer et al. 2002 , Jefferson 2005 . Third, in plants, inorganic nitrogen is converted into intermediate lowmolecular-weight organic compounds, which become high-molecular-weight compounds, such as proteins, nucleic acids, coenzymes, and membrane constituents (Marschner 1986 ). These could be nutritive to thrips (Kirk 1995 . However, excess nitrates and other nutrients can be detrimental to herbivores (Boersma et al. 2006) , although increased nitrate levels in timothy are associated with higher quality livestock forage (Murphy and Smith 1967) . Nitrate concentrations measured in these experiments were below levels that are toxic for livestock (Ͼ0.07%) (Garner 1958) . The effect of diet on wing morph has been studied more thoroughly in insects other than thrips. For example, nutrient-rich diets are known to decrease macropters in the cricket Gryllus firmus (Orthoptera: Gryllidae) Scudder, in comparison to less nutritive diets (Zhao and Zera 2006 and references therein) . However, given the status of knowledge on thysanopteran nutrient requirements, it is not possible to directly determine whether nutrient levels in these experiments were within a range that would beneÞt or hinder thrips development.
Animals must balance their nutrient intake to maximize Þtness (Simpson et al. 2004) , so an indirect measurement of plant quality is Þtness. Fitness, measured by thrips abundance, increased in the highnitrogen treatment of the Þeld cage experiment. This was a time-lagged effect, with abundance increasing over time. Reproduction has the capacity to decrease immune function, to increase oxidative stress, and to withdraw energy allocated to somatic stores (Harshman and Zera 2007) . If plant quality was reduced or if toxic levels of nitrate were present, an increase in thrips reproduction would not be expected. As a result, plant quality, inferred through thrips Þtness, in- creased in high-nitrogen plants. These results showed a polyphagous thrips that produces more dispersal phenotypes as the host quality improves. In contrast, polyphagous aphids generally disperse as host quality declines, whereas the opposite is true for monophagous aphids (Harrison 1980) . Additionally, the production of macropters in response to improved nutrition has been observed in only a few species of aphids and crickets (Zera and Denno 1997 and references therein) . It has been hypothesized that resource availability in these systems is too low to produce the energy required for long-distance dispersal and colonization (Dixon 1985, Zera and Denno 1997) .
Although nutrients levels were changed in the growth chamber experiment, effects of the nitrogen treatment on thrips Þtness, measured by abundance, were not evident. In contrast to the Þeld cage experiment, measurements were not taken over time. Moreover, foliar burn was observed in this experiment, which likely had an effect on plant quality. Thrips abundance was similar between high-nitrogen and control plants, regardless of initial infestation levels. Changes in plant quality were indirectly measured through changes in plant nutrient levels. Consequently, although the direction of plant quality change and its effects on thrips Þtness were unclear, plant quality had an effect on wing form independent of thrips density in this experiment.
Thrips density was relatively high in both experiments compared with natural populations. Based on 4 yr of thrips sampling data from agriculturally produced timothy, there is no "typical" thrips density in this crop. Naturally occurring populations have been observed within untreated Þelds at an average of six thrips per tiller to almost no thrips present (Reisig et al. 2009a, b; D.D.R., unpublished data) . In the Þeld cage experiment, populations ranged from 5 thrips per tiller at the beginning of the experiment to a maximum of 30 thrips per tiller. In the growth chamber experiments, thrips were infested at a rate of 1.5 and 20 thrips per tiller. Populations were relatively high by the end of the experiment, ranging from 25 to 50 thrips per tiller. In comparison to observed natural populations, abundances in these experiments reached unrealistically high levels. If populations of thrips can be regulated in a density-dependent manner, it may explain why there were fewer thrips in treatments with low initial thrips infestations compared with high thrips infestations in the growth chamber experiment. Regardless, density-dependent effects from thrips abundance were not strongly detected in these experiments.
Plant quality affected wing diphenism independent of thrips density in the growth chamber experiment and on 7 August in the Þeld cage experiment. Based on the covariance analysis results, at this point in the Þeld cage experiment, thrips abundance was not related to plant quality. However, 2 wk later, abundance was signiÞcantly higher in the high-nitrogen treatment compared with the control treatment. Effects were clearest in the growth chamber study where highnitrogen plants had a higher proportion of macropterous thrips, regardless of density, measured as initial thrips infestation. Density was related to total thrips population abundance only.
Presumably there are Þtness advantages to wing diphenism. For example, macroptery provides the advantage of mobility, but brachypters of A. obscurus develop 1Ð2 d faster than macropterous individuals (Kö ppä 1970). Wing-dimorphic planthoppers are known to disperse in more ephemeral, compared with persistent, habitats (Denno et al. 1985 (Denno et al. , 1991 . These researchers speculated that the migratory phenotypes were selected to escape habitats waning in quality and to increase the ability to Þnd mates. Western ßower thrips are also known to disperse when host quality decreases (Rhainds and Shipp 2003) , although these effects were not observed in isolation from conspeciÞc density. In contrast, in at least one of the experiments presented here, when patch quality (i.e., food quality) of A. obscurus increased, the proportion of dispersal phenotypes increased. A. obscurus is strictly parthenogenic and does not need to Þnd mates. However, the ability for this thrips to escape low-quality ephemeral habitats through a dispersal phenotype would seem advantageous. More exploration is needed in regard to thrips ecology, feeding and nutrient requirements, and the biochemical basis of wing dimorphism to illuminate this Þnding. Zhao and Zera (2006) showed that a wing-polymorphic cricket differed by 40 Ð50% in carbon allocation from a single amino acid depending on whether it was macropterous or brachypterous. The negative interaction between reproduction and dispersal is well studied in this insect on a biochemical basis (Zera and Denno 1997 , Zera et al. 1998 , Zera and Harshman 2001 , Zera 2006 , Zhao and Zera 2006 and is well documented in other organisms on an ecological basis, with some biochemistry known (Denno et al. 1991 , Zera and Denno 1997 , Zera and Harshman 2001 . This information has converged into a theory for an evolutionary conserved casual mechanism that would explain organismal development toward reproduction or dispersal (Harshman and Zera 2007) . The proposed theory revolves around conserved metabolic and regulation pathways, which rely on environmental feedback to modify potential pathway input and output. A. obscurus is unique in that it is from an understudied group of organisms (Thysanoptera), is strictly parthenogenic, and is polyphagous. Harshman and Zera (2007) have requested future studies into the identiÞcation of these pathways and the system in this study may provide a unique and advantageous comparison.
